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SHORT COMMUNICATION
A selfish genetic element linked to increased lifespan impacts
metabolism in female house mice
Patricia C. Lopes1,* and Anna K. Lindholm2
ABSTRACT
Gene drive systems can lead to the evolution of traits that further
enhance the transmission of the driving element. In gene drive,
one allele is transmitted to offspring at a higher frequency than
the homologous allele. This has a range of consequences, which
generally include a reduction in fitness of the carrier of the driving
allele, making such systems ‘selfish’. The t haplotype is one such
driver, found in house mice. It is linked to a reduction in litter size in
matings among heterozygous animals, but also to increased lifespan
in wild females that carry it. Here, we tested whether carrying the
t haplotype was associated with altered resting metabolic rate (RMR).
We show that females carrying the t haplotype decrease RMR as they
increase in size, compared with wild-type females or males of either
genotype. Our study elucidates a plausible mechanism by which a
selfish genetic element increases lifespan.
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INTRODUCTION
Gene drive systems, or selfish genetic elements, bias inheritance
to the next generation in their favour. In meiotic drivers, this is
achieved by biasing which chromosome of a homologous pair
is found in viable gametes. This creates intragenomic conflict
over transmission, and selection on genes unlinked to the driver to
eliminate the transmission bias. The evolution of resistance to
drive in turn selects for better performance of the driver, which
can lead to the evolution of complex adaptations of the driver to
improve transmission, such as the formation of ‘supergenes’ that
bind transmission-enhancing elements together (Schwander
et al., 2014), and changes in carrier behaviour (De Crespigny
et al., 2006; Runge and Lindholm, 2018) and physiology
(Meade et al., 2018).
The t haplotype gene drive system of the house mouse (Mus
musculus) consists of a set of overlapping inversions that suppress
recombination, thereby binding hundreds of genes on an autosome
together (Kelemen andVicoso, 2018). This supergene includes genes
that act post-meiotically to harm sperm that do not carry a copy of the
t, leading to inheritance of the t by about 90% of a male carrier’s
offspring (Silver, 1985; Lindholm et al., 2013). Recombination
suppression has led to the accumulation of mutations such as
recessive lethal alleles, resulting in a reduction in offspring number in
carriers by nearly half when mating with other carriers (Lindholm
et al., 2013; Sutter and Lindholm, 2015). Thus, the fitness of both
sexes is affected, but males have an additional fitness disadvantage as
they are very poor sperm competitors (Manser et al., 2017; Sutter and
Lindholm, 2015). While discriminatory female mate choice against
male heterozygotes would probably reduce female fitness costs
(Manser et al., 2014; Sutter and Lindholm, 2015), experimental
studies using mating trials have found no evidence for female mating
bias (Manser et al., 2014; Sutter and Lindholm, 2016b), leading to the
conclusion that females do not avoid these costs. However, in a
longitudinal study of a wild house mouse population, females
carrying the t haplotype were found to have increased lifespan
(Manser et al., 2011), which would extend their reproductive
lifespan, allowing the production of additional litters (Ferrari et al.,
2019), but males were not differentially affected. The proximate
mechanism for the increase in lifespan in t-carrying females is
unknown. As intraspecific differences in lifespan in wild animals
have been found to be associated with resting metabolic rate (RMR)
in a variety of taxa [for instance, squirrels (Larivée et al., 2010), fish
(Auer et al., 2018), bryozoans (Pettersen et al., 2016) and beetles
(Krams et al., 2013)], we here tested whether carrying the t haplotype
is associated with altered RMR in female mice.
MATERIALS AND METHODS
Animals
The mice used in the current study were laboratory-born F1 to F3
descendants of wild house mice (Mus musculus domesticus
Schwarz and Schwarz 1943) captured from an intensively
monitored study population near Illnau, Switzerland (König and
Lindholm, 2012). The study population is the same in which
longevity was studied (Manser et al., 2011). However, new breeding
animals from the study population have been regularly added to
prevent inbreeding. All tests were carried out in an animal facility at
the University of Zürich, where mice were bred and kept under
standardized laboratory conditions at a temperature of 22±3°C with
a relative humidity of 50–60% and on a 14 h:10 h light:dark cycle
with a 1 h dusk and a 1 h dawn red light phase at the beginning and
end of the light phase (white light started at 06:30 h CET). The cages
contained standard bedding material (Lignocel Hygienic Animal
Bedding, JRS, Rosenberg, Germany), shredded paper towel and
empty toilet paper rolls. Animals were provided with food
(laboratory animal diet for mice, Provimi Kliba SA, Kaiseraugst,
Switzerland) and water ad libitum. Male and female siblings were
separated after weaning at 23 days of age and housed in single-sex
littermate groups of 2–6 animals in standard Makrolon Type III
cages. From these cages of sexually inexperienced mice, we used
15 brother pairs and 17 sister pairs for our tests (mean±s.e.m. age
67±2.1 days).
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Zürich, no. 226/15). At the end of the experiment, animals were
killed by CO2 inhalation.
t haplotype genotyping
Presence of the t haplotypewas determined by PCR amplification of
Hba-ps4 (Lindholm et al., 2013; Schimenti and Hammer, 1990),
from DNA isolated from ear punches, identifying t carriers (+/t) or
homozygous wild-type (+/+) animals [homozygous (t/t) individuals
die as embryos; Lindholm et al., 2013; Schimenti and Hammer,
1990]. The sibling pairs used for our tests contained one animal
from each genotype.
RMR measurements
Measurement of oxygen consumption and carbon dioxide production
was carried out in an eight-channel open-flow respirometry system
using incurrent flow measurement. Air circulated through the
chambers at a speed of 500–530 ml min−1 and Drierite and
Ascarite were used to remove water and CO2, respectively, from
the excurrent air. A FOX O2/FOX CO2 analyser (Sable Systems
International, Las Vegas, NV, USA) was used to quantify the oxygen
and carbon dioxide production and the software ExpeData v.1.01
(Sable Systems International) was used for recording these data. Food
was removed from the cages for at least 2 h prior to mice being
transferred to plastic respiration chambers (volume 2128.88 ml) and
animals were kept without food and water during measurements.
Eight chambers were placed inside incubators (Exo Terra) set at 30°C
(within the thermal neutral zone for mice; Fischer et al., 2018); a
maximum of seven contained mice, with the eighth being used as a
control. The measurements started 3–4 h after lights on, which is part
of the natural resting period of house mice. The rate of oxygen
consumption (V̇O2 in ml min
−1) in each chamber was measured
sequentially for 5 min each time and quantified 3–8 times in total
(maximum time in the chambers was about 2 h). We quantified
mouse body mass (Sartorius scale, BL1500S) before and after
respirometry measurements and used the average of these two
measurements in our analysis. V̇O2 was calculated according to
Lighton (2008). The mean and standard deviation of V̇O2 were
calculated during all possible 60 s intervals. We took RMR for each
mouse as the mean oxygen consumption during the 60 s interval
with lowest consumption obtained during our measurements, where
standard deviation stayed within 0.015 ml min−1. As the typical
standard deviation of V̇O2 for the chamber used as a control
(containing no mice) was ∼0.005 ml min−1, this procedure filtered
out fluctuations of consumed oxygen that exceeded this value by
threefold. Two animals (1 male and 1 female) were never in a resting
state according to these parameters, so these animals and their
siblings were removed from analysis.
Statistical analysis
All tests were carried out in R version 3.3.2 (http://www.R-project.
org/), with additional package nlme (https://CRAN.R-project.org/
package=nlme).
We used general linear mixed models to explore the effects of sex
and genotype and their interaction on RMR. The covariate body
mass and its interaction with the fixed terms was also included in the
model. We included a random effect of sibling pair. Fulfilment of
model assumptions was inspected visually (Fig. S1). Likelihood
ratio tests were used to evaluate the significance of the omitted
terms. Using the nlme package, we also obtained the confidence
intervals for the estimates of each term in our final model. We used
paired t-tests to assess whether haplotype led to differences in body






















Fig. 1. Resting metabolic rate (RMR)
as a function of body mass for
wild-type (WT) and t haplotype
carriers. Left: females; right: males.
Model estimates and 95% confidence
intervals of the mean obtained from the
best-fit linear mixed model are shown;
points represent the raw data.
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We found a significant interaction of body mass, sex and genotype
(χ2=11.63, d.f.=1, P<0.001, Fig. 1; Table S1 displays the coefficient
estimates for all fixed terms in the final model). In males, RMR
increased with body mass, whereas in females, this relationship was
strongly affected by genotype (Fig. 1). Wild-type females increased
RMR as body mass increased, while t-carrying females decreased
RMR with increasing body mass. Within sibling pairs, body mass
did not differ between t-carriers and wild-types (paired t-test:
females t15=0.64, P=0.53; males t13=−0.199, P=0.85).
Previous work found that, in female house mice, the presence of a
selfish genetic element, the t haplotype, was linked to increased
lifespan (Manser et al., 2011). Although the directionality of
the relationship between RMR and lifespan is inconsistent in the
literature, a relationship between reduced RMR and lifespan has
been established in some species (Auer et al., 2018; Krams et al.,
2013; Larivée et al., 2010; Pettersen et al., 2016), including mice
(Duarte and Speakman, 2014; Ksia ̨żek et al., 2004). These findings
led us to hypothesize that the t haplotype may impose a reduction in
RMR in females. Indeed, we found that as body mass increased,
female, but not male, carriers had a lower RMR than non-carriers.
Differences in metabolic rate may arise through differences in
body composition, such as fatness (Duarte and Speakman, 2014) or
organ size (Ksia ̨z ̇ek et al., 2004), or in tissue-specific metabolism
(Speakman, 2013). However, as the females were sexually
inexperienced, possible effects of gestation or lactation can be
excluded. What mechanism could result in the reduction in RMR in
t females but not t males?
To provide possible explanations for this pattern, we explored a
publicly available RNA-seq dataset from an independent experiment
in house mice in which gene expression was compared between
t-carrier and wild-type siblings in brain, reproductive organs and liver
(Lindholm et al., 2019). Importantly, the mice used were derived
from the same population as those in the current study. As an organ
critical for metabolism, we focused on the liver and investigated
genes that showed differential expression in t carriers compared with
wild-type in females but not in males. We found that a number of
genes involved in lipolysis, fatty acid and steroid oxidation and
hydrolysis (Fmo2, Adrb3, Rdh16, Acot4, Acot3, Cyp2d40, H2-Ke6)
were upregulated and one gene involved in hepatic glucose
production (Igfbp2) was downregulated in t carriers relative to
wild-type females (Table 1) but there was no difference in t
carriers relative to wild-type males. The differences in the pattern
of expression of these genes suggest that, relative to wild-type,
t-carrying females may use certain metabolic pathways (such as lipid
oxidation) more readily than others (such as glycolysis), which can
ultimately impact their energy homeostasis and RMR. Exactly how
the RMR difference between female t carriers and non-carriers arises
needs to be determined to better understand the complex associations
between energetics and behaviour, as well as the complex evolution
of the t haplotype.
A reduced RMR correlated with increased lifespan in females
could be an adaptation to compensate for the main fitness
disadvantage to females associated with the t haplotype: strongly
reduced litter sizes when mating with male carriers (Lindholm
et al., 2013; Manser et al., 2014; Sutter and Lindholm, 2015).
Living longer, to allow the production of additional litters (Ferrari
et al., 2019), would be advantageous to the carrier, and increase
transmission of the t haplotype. Why would wild-type females not
adopt this same strategy? It has been proposed that a link between
RMR and fitness may depend on the quality of the environment
(Burton et al., 2011). This ‘context-dependence’ hypothesis
predicts that low-RMR individuals will only have relatively high
fitness when conditions are poor, but that under favourable
conditions, their fitness will be lower than that of high-RMR
individuals. Populations living in fluctuating and/or unpredictable
environments may allow for the coexistence of the two strategies.
Male carriers, however, have additional strong fitness costs from
another source, reduced sperm competitive ability (Manser et al.,
2017; Sutter and Lindholm, 2015), and would benefit the most from
mate-guarding to avoid sperm competition (Sutter and Lindholm,
2016a). In males, reduced RMR potentially interferes with the
ability to defend territories (Réale et al., 2010) and this may have
selected for sex-specific effects. This system is therefore interesting
for further exploration of intraspecific life-history variation.
It is still puzzling how the t haplotype can persist in wild
populations, given the fitness disadvantages to its carriers. One
compensatory mechanism, as suggested in this study, could be
through decreases in the RMR of female carriers, increasing the
probability of survival to the next reproductive event.
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change FDR Metabolic function
Fmo2 ↑ 0.76 <0.001 Potential regulator of energy homeostasis (Veeravalli et al., 2014); associated with increased lifespan
in some taxa (Rossner et al., 2017)
Adrb3 ↑ 0.92 0.0330 Involved in the regulation of lipolysis and thermogenesis (P25962)
Rdh16 ↑ 0.44 0.0166 Oxidoreductase capable of oxidizing retinols and steroids (O54909)
Acot4 ↑ 0.43 0.0379 Acyl-CoA thioesterase involved in fatty acid metabolism (Q8BWN8)
Acot3 ↑ 0.98 <0.001 Acyl-CoA thioesterase involved in fatty acid metabolism (Q9QYR7)
Cyp2d40 ↑ 0.50 0.0709 In humans, many of the genes in the cytochrome P450 (CYP) family code for enzymes involved in
eicosanoid metabolism (Nebert et al., 2013)
H2-Ke6 ↑ 0.51 0.0673 Dehydrogenase that catalyses conversion of oestradiol to oestrone and plays a role in fatty acid
metabolism (P50171)
Igfbp2 ↓ −0.71 0.0011 Capable of regulating glucose metabolism (Hedbacker et al., 2010)
↑, upregulation; ↓, downregulation; FDR, false discovery rate. Where the protein encoded by the gene had been manually annotated and reviewed in the UniProt
database (The UniProt Consortium, 2019), we provide their accession number in the table as a reference for functions. Otherwise, we provide primary literature
references.
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